The proteins encoded by the classical HLA class I and class II genes in the major histocompatibility complex (MHC) are highly polymorphic and are essential in self versus non-self immune recognition. HLA variation is a crucial determinant of transplant rejection and susceptibility to a large number of infectious and autoimmune diseases 1 . Yet identification of causal variants is problematic owing to linkage disequilibrium that extends across multiple HLA and non-HLA genes in the MHC 2, 3 . We therefore set out to characterize the linkage disequilibrium patterns between the highly polymorphic HLA genes and background variation by typing the classical HLA genes and 47,500 common SNPs and deletion-insertion polymorphisms across four population samples. The analysis provides informative tag SNPs that capture much of the common variation in the MHC region and that could be used in disease association studies, and it provides new insight into the evolutionary dynamics and ancestral origins of the HLA loci and their haplotypes.
Numerous studies have demonstrated association between HLA alleles and disease susceptibility (a partial list is provided in Table 1 and Supplementary Table 1 online), but the interpretation of these results is confounded by the strong correlation between alleles at neighboring HLA and non-HLA genes. Major efforts have therefore been directed at cataloguing the gene and variation content of the entire MHC [4] [5] [6] . In addition, previous studies in European-derived populations have examined the distribution of linkage disequilibrium (LD) across the region and have suggested that SNPs could help dissect causal variation within the MHC 2, 3, [7] [8] [9] [10] . Here, we have created a resource to guide future association studies by genotyping genetic variants across the extended MHC region of 7.5 Mb at a higher density and in more DNA samples than previously reported. In 361 individuals of African (YRI), European (CEU), Chinese (CHB) and Japanese (JPT) ancestry, the inferred haplotype structure across the region shows that LD is systematically higher in CEU, CHB and JPT samples than in the YRI sample (Fig. 1) . Alleles across the different classical HLA loci demonstrate strong correlation (Supplementary Table 2 online). These high levels of LD among SNPs and deletion-insertion polymorphisms (DIPs) and among HLA alleles suggest that SNPs outside the HLA genes are informative about HLA types ( Fig. 2a) and that a few well-chosen SNPs may capture common classical HLA variation at several loci.
We examined the association between HLA types and single SNPs across the entire region. Figure 2b shows the results for HLA-C (see Supplementary Fig. 1 online for the other HLA genes). In the four populations studied, 34%-44% of the HLA alleles present were strongly associated with one or more individual SNPs (maximum r 2 4 0.8), sometimes located at a considerable distance from the HLA allele. There were noticeable differences between the four populations studied. For example, allele HLA-C*0702 had many SNPs in moderate to strong LD in YRI and CEU extending over several Mb, whereas in CHB and JPT, we found strong association only to SNPs within 50 kb of the gene. In contrast, some alleles, such as HLA-C*0304, were not strongly associated with any single SNP in any of the four population samples studied in which it was found. These results suggest that although tagging of certain common HLA alleles in some populations may be relatively straightforward, tag SNPs are likely to differ between populations, and tagging of some HLA alleles may prove difficult if based solely on pairwise association to single SNPs.
To assess the extent to which allelic variation at HLA loci can be captured by nearby SNPs, we used the 'Tagger' algorithm 11 to identify allelic tests using single SNPs or haplotypes of combinations of up to three SNPs as predictors of HLA alleles. Following this tagging approach, we were able to capture the majority of common HLA alleles effectively and efficiently ( Table 1 and  Supplementary Table 3 online). We observed differences in the tagging performance between HLA genes: common (Z5%) alleles of HLA-A, HLA-B and HLA-C were captured, on average, with a maximum r 2 ¼ 0.97 in all four population samples, compared with a maximum r 2 ¼ 0.90 for all common HLA-DRB1 alleles. Of the less common (o5%) HLA alleles, 75% in YRI and CEU, and 100% in CHB and JPT, were captured with a maximum r 2 4 0.8, but one should exercise caution in interpreting these results, given the small sample size and inaccuracies in allele frequency estimates.
The majority (B70%) of the HLA alleles were captured with high(er) r 2 by specified haplotypes of multiple SNPs. Generally, a predictor to capture a HLA allele observed in one reference panel captured that allele with lower r 2 in the other population samples (Supplementary Table 4 online). This is broadly consistent with observed tag SNP transferability patterns in population samples across the major continents 12 . Additional empirical data in other samples is required to better understand the extent of transferability of tags selected across the MHC.
To this end, we performed an empirical validation of the tags for four different HLA alleles in two independent samples from ongoing disease studies. Specifically, we had access to 330 Dutch samples from a celiac disease study 13 for which we had HLA typing data for DQA1 and DQB1, and 332 trio samples from a UK systemic lupus erythematosus (SLE) study 14 for which we had HLA typing data for DRB1. The haplotype formed by the DQA1*0501 and DQB1*0201 alleles (also known as haplotype DQ2.5) is a known risk factor for celiac disease, with the highest risk among individuals homozygous for the DQ2.5 haplotype or who have one copy of this haplotype and one haplotype formed by DQA1*0201 and DQB1*0202 (haplotype DQ2.2) 15 . In SLE, significant association has been observed for both DRB1*1501 and DRB1*0301 (ref. 16 ). We directly evaluated the performance of the predictors for these alleles ( Figure 1 The relationship between recombination rates and haplotype structure spanning the 7.5-Mb extended MHC region (the region from the SLC17A2 gene at the telomeric end to the DAXX gene at the centromeric end of chromosome 6). Recombination rates (blue lines in cM/Mb) were estimated separately from each population and combined to provide a single estimate for the region. Recombination hotspots with strong statistical support in all three (red) or two (pink) analysis panels are indicated by the red triangles and vertical grey lines. The average recombination rate across the region is 0.44 cM/Mb, compared with a genome-wide average of 1.2 cM/Mb, and is particularly low in the 3-Mb region that includes the olfactory receptor gene cluster, which has only two hotspots with strong statistical evidence. The horizontal lines indicate the extent of nonredundant haplotypes (see text for details) identified in each analysis panel (YRI: green, CEU: orange and CHB+JPT: purple). Haplotypes are typically longer in regions of low recombination and are often, though not always, interrupted by recombination hotspots. Haplotypes are typically longer in the CEU and CHB+JPT analysis panels than in YRI. The physical locations of the six classical HLA loci analyzed in this study are also shown. samples, and found that their sensitivity and specificity was significant. Thus, these tags can be useful, not least, for example, in prescreening large samples in the selection of certain individuals for further study ( Table 2) . In general, two features make HLA allele tagging more difficult than tagging of SNPs. First, HLA alleles are themselves multilocus haplotypes, identified by unique combinations of sequence motifs generated by mutation, recombination and gene conversion 17 . Second, the unique evolutionary history of the MHC means that patterns of association are influenced not only by recombination, gene conversion, demography and genetic drift but also through natural selection. In particular, HLA class I and class II alleles are often maintained in the population by balancing selection [18] [19] [20] (for example, heterozygote advantage and frequency-dependent selection). Certain forms of balancing selection, such as host-pathogen frequencydependent selection 21 , will favor new combinations of alleles across multiple HLA genes, hence actively selecting for recombinants 20 . However, as favored HLA combinations increase in frequency, so will the haplotype background on which they occurred. The direct consequence of such a dynamic is that a given HLA allele might be found on one, two or several different haplotype backgrounds depending on where in the cycle of fluctuating selection it currently lies. In addition, balancing selection has resulted in the existence of hundreds of HLA alleles and haplotypes in populations, the vast majority of which are not common (o2% in frequency) and yet collectively account for a substantial proportion of the genetic variation. Given the limitations of this MHC variation resource (in terms of density and sample size), it remains to be seen how well the less common variants, haplotypes or recombinants can be captured via a tagging approach.
To illustrate the link between tagging efficiency and evolutionary dynamics, we mapped the distribution of common alleles to the evolutionary tree relating haplotypes around the HLA-C gene (Fig. 3a) . Certain common alleles, such as C*0702, are associated with a single clade in the tree that is defined by multiple SNPs. Such an allele can therefore be tagged with high efficiency, and its tags will probably be transferable between populations. The evolutionary implication is that this allele has a recent origin, or that a recent recombinant haplotype carrying this allele has been favored by natural selection coupled to the loss from all populations of the allele on any other haplotype background by random drift and bottleneck effects. In contrast, allele C*0701 occurs on two distinct clades of the tree that differ considerably in frequency between populations, an observation supported by analysis of long-range haplotype structure (Fig. 3b) . Both of these clades are of recent origin (as indicated by their extensive haplotype backgrounds) such that they can be tagged only through combinations of multiple SNPs. Other alleles are yet further dispersed across the evolutionary tree and consequently harder to tag; for example, C*0303 requires two tags in CEU and CHB and three in JPT (it is absent from YRI), and no single tag SNP was selected in more than one population. Identification of differences in evolutionary history, for HLA alleles associated with disease, is informative for association mapping experiments, as specific HLA alleles distributed in different clades will carry different sets of linked HLA and non-HLA alleles. Identification of the causal allele(s) will depend on the ability to distinguish the clade associated with disease, followed by direct . Some alleles such as HLA-C*0702 (green) cluster within the tree, whereas others such as HLA-C*0701 (yellow) occur in two or more parts of the tree. Furthermore, the two clades representing HLA-C*0701 are at different frequencies in the four populations. (b) Long-range haplotype structure around alleles C*0702 and C*0701. For C*0702, the common long-range haplotype is shared among the two populations, CEU and YRI and, accordingly, is associated with a single clade. In contrast, for C*0701, the long-range haplotypes that are common in CEU and YRI are divergent. A shared haplotype structure near the HLA allele suggests that allele had a common origin in the two populations. A recombination event, however, probably occurred in at least one of the populations, placing them in two different clades.
resequencing of the corresponding chromosomes to identify candidate variants. Identification of alleles in the MHC that are likely to have undergone positive selective pressure can also provide candidates to test for association to diseases mediated by the immune system. Preliminary searches of the CEU population indeed suggested that such alleles were also associated with autoimmunity 3 . One approach for identifying recent positive selection is to identify alleles that are prevalent but that are associated with longrange haplotypes, unbroken by recombination over time (suggesting they are of young age) 22 . We used this 'long-range haplotype' approach on the current data set with the matched genome-wide data available from HapMap and identified several alleles within the MHC region that show evidence for recent selective sweeps (Fig. 4 and Supplementary Table 5 online). One notable example is a haplotype of 25% frequency in YRI in the region containing the BAK1 and HLA-DPA1 genes ( Supplementary Fig. 2 ). Further study of this and other haplotypes that have putatively undergone selection may point to key functional changes in the MHC that have influenced human disease past and present.
In conclusion, we have created a dense haplotype map across the extended MHC in four population samples. This resource will facilitate the selection of informative tag SNPs to capture HLA and non-HLA variation, enabling a costeffective means for conducting association studies in large samples and providing a complementary approach to classical HLA typing. We anticipate that future integration with the efforts from the International HapMap Project, the International Histocompatibility Working Group and the MHC Haplotype Project combined with targeted functional studies will help identify the causal alleles that predispose to diseases mediated by the immune system and those that have been under selection.
METHODS
DNA samples. Our study includes 90 individuals (30 parent-offspring trios) of the Yoruba people from Ibadan, Nigeria (YRI); 182 Utah residents (29 extended families with an average family size of 6.2, containing 45 unrelated parent-offspring trios) of European ancestry, from the Centre d'Etude du Polymorphisme Humain (CEPH) collection (CEU); 45 unrelated Han Chinese from Beijing, China (CHB); and 44 unrelated Japanese from Tokyo, Japan (JPT). These samples correspond to the 269 DNA samples used in Phase I of the International HapMap Project plus an additional set of 92 CEPH samples. Most of this expanded set of CEPH samples were also included in our previous studies of the MHC 2, 3 . To test tag transferability, we studied 330 samples from a celiac disease study conducted in The Netherlands 13 and 996 samples from a UK systemic lupus erythematosus study 14 . These studies were approved by the Medical Ethics Committee of the University Medical Center Utrecht and by the London Multi-Centre Research Ethics Committee (MREC), respectively, and written informed consent was obtained from all the participants.
Typing of SNPs and insertion-deletion polymorphisms. SNPs and DIPs were identified from the MHC Haplotype Project, dbSNP and dbMHC databases and were selected based on their genomic position. SNPs were typed on the Illumina GoldenGate platform at the Broad Institute of MIT and Harvard, at Illumina and at the Wellcome Trust Sanger Institute or by using TaqMan Allelic Discrimination Assay at Duke University. DIPs were typed by TaqMan technology at Duke University. All of the SNP, DIP and HLA typing was completed by June 2005 and preceded the release of Phase II data from the International HapMap Project. The entire list of 7,543 nonredundant variants and their respective genotyping assays are available online (see below). The variants were located in the 7.5-Mb region delimited by rs498548 (position chr6:26000508) and rs2772390 (position chr6:33483033). All coordinates are given relative to NCBI build 34 of the human genome assembly. Raw genotype data collected at the various genotyping centers were collated based on map position. A total of 6,338 variants yielded reliable genotyping assays. Assays considered to be reliable yielded at least 90% total genotypes and fewer than two Mendel errors and were in Hardy-Weinberg equilibrium (P 4 0.001). Details of how haplotypes were estimated from genotype data can be found in Supplementary Methods online.
HLA typing. HLA typing was carried out at the Laboratory of Genomic Diversity (NCI-Frederick Cancer Research and Development Center) using PCR-SSOP (sequence-specific oligonucleotide probe)-based protocols recommended by the 13th International Histocompatibility Workshop (http:// www.ihwg.org/components/ssopr.htm). For typing of class I HLA (HLA-A, HLA-B and HLA-C), we selectively amplified the gene fragment containing exon 2, intron 2, and exon 3 using locus-specific primers. For typing of class II HLA (DQA1, DQB1 and DRB1), only exon 2 was examined. Genotype ambiguities were resolved by direct sequencing of the whole PCR fragment.
Statistical analysis of LD. To measure LD between biallelic markers, we used the r 2 measure of association 23 . To measure the strength of LD between a biallelic SNP, i, and the multiallelic HLA locus, j, with N alleles, we use relative information, defined as where
k is the frequency of the k th HLA allele on the 'x' allele at the SNP (the lack of a superscript indicates unconditional frequencies) and f x i is the frequency of the 'x' allele in the sample. To test for significant association between alleles at two HLA loci, we calculate a w 2 test statistic and obtain a P value by permutation.
Selection of tag SNPs. We used the Tagger method 11 to derive SNP-based tests to capture all observed HLA alleles in the four population samples. For each HLA allele, we first evaluate the maximum r 2 for single-SNP tests. If the maximum r 2 o 1.0, we proceed to evaluate multimarker tests based on multiple SNPs surrounding the HLA allele (up to 500 kb distance) and keep the haplotype test with the highest r 2 to the HLA allele (Supplementary Table 3 ).
Empirical validation. We selected tag SNPs to capture the DQA1*0501 and DQA*0201 alleles (DQ2.5), the DQA1*0201 and DQB1*0202 alleles (DQ2.2), DRB1*1501 and DRB1*0301 in the CEU reference panel. We genotyped these tag SNPs and also performed classical HLA typing for these HLA alleles in the respective disease samples (celiac and SLE), allowing us to evaluate empirically how well these tags can predict the actual allelic state of these HLA genes in the affected individuals. We report the sensitivity and the specificity of these SNPbased tests as well as the empirical r 2 between the test and the allele ( Table 2) .
Analysis of recombination and haplotype structure. Recombination rates and the location of recombination hotspots with strong statistical support were estimated from patterns of genetic variation using previously described methods [24] [25] [26] . Analyses were carried out separately on each analysis panel (YRI, CEU, CHB+JPT), and results were combined to provide a single genetic map for the region (Fig. 1) . In addition, we identified (for each panel) all nonredundant haplotypes having a frequency of Z10% and consisting of at least ten SNPs that are likely to represent the nonrecombinant descendants from a single ancestor.
Estimation of evolutionary trees from haplotype data. We use a simple, heuristic approach to estimate the genealogical history at a given point, x, along the chromosome from a set of phased haplotypes (with missing data imputed). The algorithm is initialized by setting the age of each haplotype or lineage, t i , to 0. At each step of the algorithm we identify (and remove) all singleton mutations, recording the number that occur unambiguously (see below for a definition of unambiguous) on each lineage as s i . We then calculate a statistic for each pair of haplotypes ij ðxÞ is the equivalent number for SNPs 3¢ of position x). We identify the pairs of haplotypes with the largest statistic and select among those the pair of haplotypes with the fewest mutations (that is, the smallest value of s i + s j ). This pair of haplotypes is coalesced, generating a new lineage, k, by generating 'recombination' events at the end points of identity in both haplotypes at both ends. The relative time at which the coalescent takes place is estimated from t k ¼ maxft i +s i ; t j +s j g+c½L where c is a constant (we use an arbitrary value of c ¼ 100). Recombinant lineages that do not include position x are discarded, and the process is repeated until a single lineage remains. The algorithm is repeated until a single lineage remains.
The recombination process results in the presence of non-ancestral material in lineages. When calculating identity, this is treated as 'not identical' . Unambiguous association of a singleton mutation with a lineage is only allowed if all copies of the mutation to be removed have been removed through coalescence (that is, not through the discarding of recombinants). Owing to the heuristic nature of the algorithm, the estimated tree should be taken only as an approximation but nevertheless one that performs well in capturing recent haplotype history.
Search analysis for evidence of historical selection. We used four implementations of the long-range haplotype test to examine evidence for recent positive selection in the HLA 22 . Long-range association is measured by extended haplotype homozygosity (EHH). For a population of individuals sharing allele t, EHH at a distance x from the locus is defined as the probability that two randomly chosen chromosomes carrying the allele of interest are identical by descent (as assayed by homozygosity at all SNPs) 27 for the entire interval from the locus to the point x. The first two implementations were the traditional approach previously described 22 where the allele of interest was either a single SNP or a haplotype (between three and ten SNPs). The third implementation was the integrated EHH method recently described 28 . These first three implementations use the other haplotypes present at the locus to control for local recombination rate, this approach might obscure evidence for recurrent selection at a locus. We therefore used a fourth implementation for each SNP in our data, which might be better suited for detecting recurrent sweeps. We measured the genetic distance the haplotype extends before decaying to an EHH of 0. 8 (ref. 24) (Fig. 4) .
We visualize the decay of the extended ancestral chromosome (haplotype) on which the allele arose 22 using the program Bifurcator 29 . The root of each diagram is an allele, identified by an open square. The diagram is bidirectional, portraying both centromere-proximal and centromere-distal LD. Moving in one direction, each marker is an opportunity for a node; the diagram either divides or not based on whether both or only one allele for each adjacent marker is present. Thus, the breakdown of LD away from the allele of interest is portrayed at progressively longer distances. The thickness of the lines corresponds to the number of samples with the indicated long-distance haplotype.
URLs. All data will be available at the following sites: http://www.inflammgen. org, http://www.sanger.ac.uk/HGP/Chr6/ and http://www.glovar.org.
Note: Supplementary information is available on the Nature Genetics website.
